Role of H2O2 in the oxidative effects of zinc exposure in human airway epithelial cells  by Wages, Phillip A. et al.
Redox Biology 3 (2014) 47–55Contents lists available at ScienceDirectRedox Biologyhttp://d
2213-23
Abbre
thelial c
dria; PY
☆Disc
Nationa
proved
present
constitu
The aut
n Corr
Mason F
E-mjournal homepage: www.elsevier.com/locate/redoxResearch PaperRole of H2O2 in the oxidative effects of zinc exposure in human airway
epithelial cells$
Phillip A. Wages a, Robert Silbajoris b, Adam Speen a, Luisa Brighton c, Andres Henriquez a,
Haiyan Tong b, Philip A. Bromberg c, Steven O. Simmons d, James M. Samet b,n
a Curriculum in Toxicology, University of North Carolina at Chapel Hill, Chapel Hill, NC, USA
b EPHD, NHEERL, US Environmental Protection Agency, Chapel Hill, NC, USA
c CEMALB, University of North Carolina at Chapel Hill, Chapel Hill, NC, USA
d ISTD, NHEERL, US Environmental Protection Agency, RTP, NC, USAa r t i c l e i n f o
Article history:
Received 3 September 2014
Received in revised form
7 October 2014
Accepted 21 October 2014
Available online 31 October 2014
Keywords:
Zinc
H2O2
Live cell imaging
Mitochondria
Catalase
Genetically encoded redox probesx.doi.org/10.1016/j.redox.2014.10.005
17/Published by Elsevier B.V. This is an open
viations: PM, particulate matter; Zn2þ , zinc
ells; PTP, protein tyrosine phosphatases; Cyto
RI, sodium pyrithione; HO-1, heme oxygenas
laimer: The research described in this articl
l Health and Environmental Effects Research
for publication. The contents of this article sh
Agency policy nor does mention of trade na
te endorsement or recommendation for use.
hors declare they have no actual or potential c
espondence to: EPHD, NHEERL, US Environm
arm Road, Chapel Hill, NC 27599-7315, USA.
ail address: Samet.James@epa.gov (J.M. Sameta b s t r a c t
Human exposure to particulate matter (PM) is a global environmental health concern. Zinc (Zn2þ) is a
ubiquitous respiratory toxicant that has been associated with PM health effects. However, the molecular
mechanism of Zn2þ toxicity is not fully understood. H2O2 and Zn
2þ have been shown to mediate sig-
naling leading to adverse cellular responses in the lung and we have previously demonstrated Zn2þ to
cause cellular H2O2 production. To determine the role of Zn2þ-induced H2O2 production in the human
airway epithelial cell response to Zn2þ exposure. BEAS-2B cells expressing the redox-sensitive ﬂuoro-
genic sensors HyPer (H2O2) or roGFP2 (EGSH) in the cytosol or mitochondria were exposed to 50 mM Zn
2þ
for 5 min in the presence of 1 mM of the zinc ionophore pyrithione. Intracellular H2O2 levels were
modulated using catalase expression either targeted to the cytosol or ectopically to the mitochondria.
HO-1 mRNA expression was measured as a downstream marker of response to oxidative stress induced
by Zn2þ exposure. Both cytosolic catalase overexpression and ectopic catalase expression in mitochon-
dria were effective in ablating Zn2þ-induced elevations in H2O2. Compartment-directed catalase ex-
pression blunted Zn2þ-induced elevations in cytosolic EGSH and the increased expression of HO-1 mRNA
levels. Zn2þ leads to multiple oxidative effects that are exerted through H2O2-dependent and in-
dependent mechanisms.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).Introduction
Human exposure to ambient particulate matter (PM) is a public
health concern of global proportions. Observational studies
demonstrate an association between exposure to PM and elevated
rates of cardiovascular morbidity and mortality [1–5]. Despite the
association between these adverse health effects and ambient PM
levels, the constituents in PM responsible for its toxicity and theaccess article under the CC BY-NC
; HAEC, human airway epi-
, cytosolic; Mito, mitochon-
e 1; ZnP, zinc pyrithione
e has been reviewed by the
Laboratory, U.S. EPA, and ap-
ould not be construed to re-
mes or commercial products
ompeting ﬁnancial interests.
ental Protection Agency, 104
).underlying mechanisms remain largely unknown. Epidemiological
[6] and toxicological [7,8] studies have speciﬁcally implicated the
particle-associated transition metal zinc (Zn2þ) as a contributor to
PM health effects. Although zinc is an essential nutrient and vital
to many physiological processes, inhalational exposure to zinc is
associated with a number of adverse health outcomes [9].
The health effects of zinc inhalation are modeled by metal fume
fever, an occupational disease characterized by a self-limited
febrile ﬂu-like condition with airway inﬂammation resulting from
inhalation of ZnO particles generated during welding [10].
The mechanisms responsible for the pathophysiological effects of
Zn2þ inhalation have been investigated in cultured human airway
epithelial cells (HAECs) by our laboratory [11–13] and by other
groups utilizing diverse in vitromodels [14–17]. Observations from
these studies show that Zn2þ induces inﬂammatory and adaptive
gene expression through processes that involve the deregulation
of signaling cascades. Speciﬁcally, Zn2þ is thought to perturb
multiple signaling pathways by direct interaction with thiol
groups on key regulatory proteins, including protein tyrosine-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
P.A. Wages et al. / Redox Biology 3 (2014) 47–5548phosphatases (PTP) [18–20]. Zn2þ is a known mediator in signal-
ing pathways, including the Keap1/Nrf2/ARE pathway [21,22].
Unlike other transition metals associated with PM (e.g., Fe, Ni,
Cu, V), Zn2þ lacks two adjacent valence states and, therefore, does
not support single electron transfers to produce reactive oxygen
species (ROS), meaning that ROS generated during Zn2þ exposure
are derived from cellular metabolism. Zn2þ interferes with mi-
tochondrial respiration at multiple points [9] and consistent with
this, we recently reported that exposure of HAEC to Zn2þ results in
increased intracellular generation of H2O2 of mitochondrial origin
[23]. Physiologically, H2O2 serves as a second messenger that plays
pivotal roles in the reversible inactivation of regulatory proteins,
most notably PTP [24–27]. Thus, there is evidence that
toxicological Zn2þ exposure can induce gene expression through
signaling mechanisms by direct interaction as well as through the
generation of H2O2.
In order to determine the dependence of Zn2þ-induced
responses on H2O2, the present study expanded our previous live-
cell imaging approach to monitor oxidative changes in the cytosol
and mitochondria of HAEC exposed to Zn2þ[28,29] . We utilized
cytosolic overexpression or ectopic mitochondrial expression of
the H2O2 scavenging enzyme catalase in BEAS-2B cells bearing the
genetically-encoded ﬂuorogenic ratiometric sensors HyPer or
roGFP2, which report on H2O2 and the glutathione redox potential
(EGSH), respectively [30–32]. In this study we examined the link
between oxidative events associated with Zn2þ exposure and
signaling events, using the level of HO-1 gene expression as a
downstream readout of the adaptive response to oxidant xeno-
biotic exposure [33–35]. This study reveals that exposure of HAEC
to Zn2þ leads to multiple oxidative effects that are exerted
through H2O2-dependent and independent mechanisms.Materials and methods
Reagents
Tissue culture media and supplements were purchased from
Lonza (Walkersville, MD, USA). Phenol red-free keratinocyte basal
media (KBM) with or without glucose was acquired from Cell
Applications, Inc. (San Diego, CA, USA). X-tremeGENE 9 DNA
Transfection Reagent was obtained from Roche Applied Science
(Indianapolis, IN, USA). Adenoviral vectors were obtained from the
Gene Therapy Center Virus Vector Core Facility (University of North
Carolina at Chapel Hill, USA). The following chemicals were
purchased from Sigma-Aldrich (St. Louis, MO, USA): hydrogen per-
oxide (H2O2), aldrithiol-2 (A-2), dithiothreitol (DTT), 2-mercapto-
pyridine N-oxide sodium salt (Pyrithione, PYRI), zinc sulfate (Zn2þ),
2-acetylamino-3-[4-(2-acetylamino-2-carboxyethylsufanylthio-car-
bonylamino) phenylthiocarbamoylsufanyl] propionic acid (2-AAPA),
and buthionine sulfoximine (BSO). Basic laboratory supplies were
obtained from Fisher Scientiﬁc (Raleigh, NC, USA).
Cell culture
SV40 large T antigen-transformed HAEC (BEAS-2B, subclone S6
[36]) were cultured as previously described [29,37].
Viral transduction
Plasmids for the genetically encoded redox sensors roGFP2 and
HyPer were the generous gift of S.J. Remington (University of
Oregon, Eugene, OR, USA) and purchased from Evrogen (Axxora,
Farmingdale, NY, USA), respectively. Cytosolic (Cyto) and
mitochondrial (Mito) targeted versions of both plasmids were
introduced into lentiviral vectors as described previously [28].Human catalase targeted to the mitochondrial inter-membrane
space was introduced into a lentiviral vector. Stable expression of
Mito-catalase, Cyto-roGFP2, Mito-roGFP2, Cyto-HyPer, and Mito-
HyPer was achieved using lentiviral transduction as previously
described [29]. Mitochondrial localization of Mito-HyPer was
veriﬁed by co-localizing its ﬂuorescence with that of MitoTrackers
Red CMXRos (Invitrogen, Grand Island, NY, USA) (Supplemental
Fig. S1). The subcellular localization of Mito-roGFP2 has been va-
lidated previously [23]. Lentiviral mitochondrial ﬂuorogenic sen-
sor transduction efﬁciency was approximately 70%, while that of
the cytosolic forms of the sensors was approximately 40% efﬁcient,
requiring enrichment by cell sorting, conducted by the UNC Flow
Cytometry Core Facility utilizing an iCyt Reﬂection maintained
under sterile conditions. Mitochondrial localization of catalase was
conﬁrmed immunocytochemically using an anti-catalase antibody
(Santa Cruz Biotechnology, Dallas, TX, USA) and by immunoblot
analysis with anti-GAPDH (Santa Cruz Biotechnology) and anti-
Cytochrome C (Cell Signaling, Beverly, MA) antibodies as cytosolic-
and mitochondrial-speciﬁc controls. Brieﬂy, for immunoblot ana-
lysis mitochondria were isolated in a sucrose solution (250 mM
sucrose, 15 mM NaCl) followed by centrifugations at 500g for
5 min and 20,000g for 10 min; the pellet containing the mi-
tochondrial fraction was resuspended in RIPA (1% NP-40, 0.5%
sodium deoxycholate, 150 mM NaCl, 150 mM Tris–HCl, pH 8.0) for
immunoblotting. For cytosolic catalase overexpression, cells were
transduced with an adenoviral vector encoding human catalase
driven by a CMV promoter at a MOI of 500 for 4 h, followed by a
2-day incubation in KGM [38]. An empty vector driven by CMV
was used as an experimental control. The pH-speciﬁc ﬂuorogenic
sensor pHred, created by the laboratory of Yellen [39], was ob-
tained as a construct through Addgene (Cambridge, MA, USA) for
expression into BEAS-2B cells via transient transfection of 1–2 mg
plasmid DNA using the suggested X-tremeGENE 9 protocol.
Live cell imaging
Immediately before exposure, roGFP2 or HyPer expressing
cells, were placed in KBM without phenol red and analyzed using a
Nikon Eclipse C1si spectral confocal imaging system and 404, 488,
and 561 nm primary laser lines (Nikon Instruments Corporation,
Melville, NY, USA [29]). Sequential scans of each laser line were
performed at a frequency of 60 s with at least 10 cells expressing
the biosensor in the ﬁeld of view, with results calculated as a ratio
of the respective 525/30 nm emission for the 404 and 488 nm
excitation of each sensor. Baseline data points were collected
10 min prior to the addition of 50 mM Zn2þ and 1 mM PYRI. To
normalize for variability in the dynamic range of the sensors
expressed in individual cells, HyPer expressing cells were treated
with 50 mM H2O2 for 5 min followed by treatment with 1 mM
H2O2 for 3 min and ﬁnally with DTT for 3 min, while roGFP2
expressing cells were treated with 1 mM H2O2 for 5 min followed
by addition of 100 mM A-2 for 3 min and ﬁnally with DTT for 3 min
to quantify the span of sensor responsiveness. Data were
expressed normalized to the maximum sensor response (i.e., the
maximum response elicited by H2O2) recorded during the
experiment set as 100%, with the average starting baseline
response set as 0%. Cell viability was determined using retention of
intracellular Calcein-AM (Molecular Probes, Eugene, OR, USA).
Gene expression analysis
BEAS-2B cells with or without cytosolic catalase overexpression
or ectopic expression of mitochondrial catalase were exposed to
0–50 mM Zn2þ/1 mM PYRI for 5 min in KBM, washed and incubated
at 37 °C, 5% CO2, 100% humidity for 2 h in KBM. Relative gene
expression was quantiﬁed using the real-time PCR, ABI Prism 7500
P.A. Wages et al. / Redox Biology 3 (2014) 47–55 49Sequence Detection System (Applied Biosystems, Foster City, CA,
USA) as previously described [28]. GAPDH mRNA was used for
normalization. Oligonucleotide primer pairs and ﬂuorescent
probes for HO-1 were as follows: (5′CAGCAACAAAGTGCAA-
GATTCTG3′, 3′ACTGTAAGGACCCATCGGAGAAG5′); and for GAPDH:
(5′GAAGGTGAAGGTCGGAGTC3′, 3′GAAGATGGTGATGGGATTTC5′).
Oligonucleotides were designed using a primer design program
(Primer Express, Applied Biosystems) and obtained from In-
tegrated DNA Technologies (Coralville, IA). The catalase primer/
probe set was a TaqMan Gene Expression Assay (Hs00156308_m1)
obtained from Applied Biosystems.
Statistical analysis
All imaging data were quantiﬁed using NIS-Elements AR soft-
ware (Nikon). Data are expressed as the mean7SEM of at least
three separate experiments. Determination of statistical sig-
niﬁcance (po0.05) of all imaging data were made using linear
regression, comparing the slopes of linear portion of the time-
course plots. Comparison of gene expression were conducted
using Student's t-test with Bonferroni correction for multiple
group comparisons. ANCOVA analysis was utilized when appro-
priate to test for multiple interactions, with po0.05 considered
statistically signiﬁcant. PRISM (GraphPad Software, La Jolla, CA,
USA) and R (R Core Team, Vienna, Austria) software packages were
used for statistical tests.65
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Catalase expression ablates Zn2þ-induced H2O2 generation
The Zn2þ-speciﬁc ionophore PYRI used at 1 mM, was found to
reduce intercellular variability in the response of BEAS-2B cells to
Zn2þ exposure [23] and was, therefore, included in all zinc ex-
posure experiments in this study. Exposure to 1–100 mM Zn2þ ,
1 mM PYRI (ZnP) did not result in overt cytotoxicity in BEAS-2B
cells over the time periods used in this study, as assessed by the
cellular release of calcein-AM (data not shown). Exposure to 50 mM
ZnP rapidly increased intracellular H2O2 levels in both the cytosol
and the mitochondria, as reported by HyPer ﬂuorescence in each
of these cellular compartments (Figs. 1 and S1). In contrast PYRI
alone did not induce a change in H2O2 (Fig. S2). The ﬂuorescence
emission intensity of the HyPer ﬂuorophore is known to be af-
fected by pH of its surroundings. Therefore, we monitored pH
changes induced in cells exposed to ZnP using pHred [39]. As
shown in Fig. 2, pH remained unchanged over the 10 min post ZnP
exposure period during which the HyPer signals were monitored.
We next tested the effectiveness of catalase expression as an
interventional approach to suppress Zn2þ-induced increases in
H2O2 in a cell compartment-speciﬁc manner. Expression of ade-
noviral mediated expression of Cyto-catalase and lentiviral
encoded expression of Mito-catalase resulted in similar increase
levels of catalase mRNA compared to controls (Fig. 3A and B).
Interestingly, expression of Mito-catalase was potentiated by65
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Zn2þ-induced activation of the Sp1 transcription factor as
reported previously in retinal pigment epithelial cells [40]. CMV-
driven overexpression of catalase in the cytosol effectively pre-
vented the elevation in cytosolic H2O2 concentrations induced by
exposure to ZnP (Fig. 1A). Immunocytochemical analyses showed
that the expression of catalase targeted to the mitochondria in-
termembrane space successfully delivered immunoreactive cata-
lase to the mitochondria (Fig. 3D–K). Immunoblotting of cytosolic
and mitochondrial fractions conﬁrmed the presence of catalase in
the mitochondria of Mito-catalase expressing BEAS cells but not in
the mitochondria of control cells (Fig. 3C). The slight elevation in
catalase found in the cytosol of cells transduced with Mito-cata-
lase lentivirus presumably represents nascent catalase that has yet
to reach the mitochondrial intermembrane space. Similar to the
effect of overexpressing cytosolic catalase, cells bearing ectopic
mitochondrial expression of catalase showed a marked reduction
in Zn2þ-induced increases in cytosolic H2O2 (Fig. 1A).
Experiments in which the concentration of H2O2 in the mi-
tochondria was monitored using HyPer targeted to the inter-
membrane space demonstrated that the presence of mitochondrial
catalase also blunted Zn2þ-induced increases in mitochondrial
H2O2. In contrast, an excess of cytosolic catalase had only a mini-
mal effect on Zn2þ-induced elevations in mitochondrial H2O2
(Fig. 1H). Taken together, these ﬁndings conﬁrm mitochondria as
the principal source of Zn2þ-induced increases in H2O2 and
validated the use of targeted catalase expression as an efﬁcient
experimental intervention to suppress compartment-speciﬁc
concentrations of H2O2 in cellular responses to Zn2þ exposure.
H2O2 contributes to Zn
2þ-induced oxidant stress
Next, we examined changes in EGSH as an objective measure of
the oxidant stress presented to the cell by exposure to ZnP.
Following the same approach used to monitor H2O2 with HyPer,
cytosolic- and mitochondria-targeted versions of the EGSH-sensing
ﬂuorophore roGFP2 were stably expressed in BEAS-2B cells. Ex-
posure to 50 mM ZnP induced a rapid rise in the cytosolic EGSH,
which could be reduced substantially through overexpression of
catalase in either the cytosol or the mitochondria (Fig. 4A). How-
ever, neither cytosolic nor mitochondrial catalase interventionaffected the Zn2þ-induced EGSH increase in the mitochondria
(Fig. 4H). We also examined the possibility that roGFP2 ﬂuores-
cence changes might arise from a direct interaction of Zn2þ with
the sensor itself by using 2-AAPA to inhibit glutaredoxin, the
enzyme through which roGFP2 senses EGSH changes [29]. Pre-
treatment of roGFP2-expressing BEAS-2B with 2-AAPA ablated
Zn2þ-induced increases in EGSH (Fig. 5) establishing that
Zn2þ-induced changes are not the result of a direct interaction of
Zn2þ with roGFP2, since any Zn2þ-direct effect on roGFP2 would
not require glutaredoxin.
EGSH changes do not mediate HO-1 gene expression
In order to link the Zn2þ-induced oxidative stress observed in
the live cell imaging experiments to a downstream cellular re-
sponse, we measured the level of expression of the HO-1 gene in
BEAS-2B cells exposed to ZnP. In order to avoid potential cyto-
toxicity associated with exposure to Zn2þ for the prolonged per-
iods required to observe changes in mRNA levels, BEAS-2B cells
were exposed to ZnP for 5 min, a time point that coincides with
the plateau of the observed Zn2þ-induced H2O2 and EGSH increases
(Figs. 1 and 4). This short exposure to ZnP was followed by
washing and a 2 h incubation in culture medium without added
Zn2þ or PYRI. As seen in Fig. 6 (black bars), this “pulse” exposure
to 0–10 mM ZnP resulted in concentration-dependent increases in
HO-1 gene expression that were up to 45-fold over control levels
exposed to 1 mM PYRI alone.
To examine the role of EGSH in mediating Zn2þ induced HO-1
expression, we next sought to sensitize the HAEC to ZnP exposure
by decreasing the total glutathione content in the cells with the
gamma-glutamyl synthetase inhibitor BSO. Treatment of BEAS-2B
cells with 500 mM BSO alone for a 24-h period reduced the total
glutathione pool by 80% and concomitantly increased GSSG by 40%
(data not shown). Treatment of BEAS-2B cells with BSO alone
produced only a small 1.6170.06-fold increase in baseline HO-1
gene expression (Fig. S3), and had no effect on the subsequent
HO-1 response to ZnP exposure (p¼0.07, F¼3.6, Fig. 6A).
Since impairing glutathione synthesis was relatively ineffective
at inducing HO-1, we next determined the effect of decreasing
intracellular stores of NADPH through glucose deprivation alone
and followed by ZnP -exposure on HO-1 expression. A 2 h in-
cubation in glucose-free media did not alter the total glutathione
pool or change the GSH to GSSG ratio (data not shown) and in-
duced a modest 3.0871.29 fold increase in HO-1 expression
(Fig. S3), but failed to alter HO-1 expression induced by Zn2þ
(p¼0.24, F¼1.5, Fig. 6B).
H2O2 mediates Zn
2þ-induced adaptive gene expression
The role of H2O2 in Zn2þ-induced HO-1 response was ex-
amined by utilizing the compartment-speciﬁc catalase expression
strategy employed in the imaging studies. Catalase overexpression
in the cytosol blunted Zn2þ-induced HO-1 gene expression across
the range of ZnP exposures tested (10–50 mM) by approximately
50% (p¼0.04, F¼4.5, Fig. 7A). Similarly, ectopic catalase expression
in the mitochondria halved the HO-1 expression induced by the
higher (30 and 50 mM) ZnP exposures (p¼0.002, F¼10.5, Fig. 7B)Discussion
The ﬁndings of this study add to previous work demonstrating
the pathophysiological effects of Zn2þ exposure on HAEC
[14,16,17,41,42]. Zn2þ can activate signaling through direct inter-
action with critical cysteine residues in regulatory proteins such as
Keap1 [22] or PTP [18]. However, as described in our previous
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Fig. 3. Ectopic expression of catalase in the mitochondria of BEAS-2B cells. BEAS overexpressing catalase (Cyto-catalase, A) or expressing ectopic mitochondrial catalase
(Mito-catalase, B) were exposed to the indicated zinc concentrations and 1 mM PYRI for 5 min, washed, and then incubated for 2 h in fresh media before mRNA extraction.
mRNA levels measured using TaqMan-basedRT-PCR were normalized to levels of GAPDH mRNA and expressed as fold increases over basal mRNA expression in cells not
exposed to media control. Values are presented as mean7SE (n¼3), n indicates po0.05 as determined by Student's t-test compared to control. Mito-catalase expressing
BEAS-2B cells were fractionated between cytosol (cyto) and mitochondria (mito) and immunoblotted against catalase, cytochrome C-a mitochondrial speciﬁc protein, and
GAPDH—a cytosol speciﬁc protein (C). BEAS-2B cells expressing mitochondrial roGFP2 (D–K) with expression of the human catalase gene targeted to the mitochondria by a
CMV promoter via lentiviral transduction (H–K) were ﬁxed and immunostained using anti-catalase antibodies. Cells were stained with catalase primary antibody (E, I) and
merged with the mitochondrial marker for colocalization analysis (F, J). For presence of cytosolic catalase localization analysis (G, K), the ﬂuorescent intensity values across
the images were converted to a binary value followed by subtraction of the mitochondria channel from the catalase channel leaving only catalase signal outside the
mitochondria. Results shown are representative of three separate experiments.
P.A. Wages et al. / Redox Biology 3 (2014) 47–55 51study [23] Zn2þ also acts as an oxidant stressor by inducing mi-
tochondrial production of H2O2, a ROS implicated in multiple
physiological signaling processes, including the induction of Keap1
and the redox regulation of PTP [43–45]. The present study in-
vestigated the role of H2O2 as a mediator of Zn2þ-induced oxidant
responses. We show that a brief “pulse” exposure to Zn2þ is suf-
ﬁcient to commit cells to activate signaling mechanisms which
lead to the induction of adaptive gene expression. Using com-
partment-speciﬁc expression of catalase as an interventional
approach we show that Zn2þ acts through both H2O2-dependent
and -independent mechanisms to induce HO-1 expression and
increases in cytosolic EGSH.As recently reviewed [9], a number of studies demonstrate that
Zn2þ exposure induces mitochondrial dysfunction through
multiple mechanisms, including impairment of mitochondrial re-
spiration through inhibition of the α-ketoglutarate dehydrogenase
complex [46] and loss of mitochondrial membrane potential [47].
Of speciﬁc interest is the inhibition of cytochrome c oxidase
activity, which can result in blocked electron transport and pro-
duction of superoxide from complexes I and III [48]. In the present
study, imaging-based experiments to monitor H2O2 levels and
EGSH in real time, combined with a validated strategy in the form
of catalase overexpression, provide a compartment-speciﬁc per-
spective on the oxidative effects of Zn2þ exposure. These data add
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average of 10 distinct cells' responses), n indicates statistical signiﬁcant change compared to control by linear regression. Representative cells expressing basal catalase levels
(B, E, I, L), Cyto-catalase (C, F, J, M), or Mito-catalase (D, G, K, N) shown at baseline (min 4; B–D, I–K) and following Zn2þ stimulation (min 14; E–G, L–N). Fluorescence
intensity color is shown as a function of increasing EGSH, also interpreted as an increase in GSSG to GSH: low EGSH high EGSH.
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Fig. 5. Zn2þ -induced changes in glutathione redox potential are properly reported
by roGFP2. BEAS-2B cells stably expressing Cyto-roGFP2 were incubated with ei-
ther 100 mM 2-AAPA, a glutaredoxin inhibitor, or DMSO as a vehicle control
(CONTROL) for 2 h. Cells were exposed to 50 mM Zn2þ/1 mM PYRI after 5 min of
baseline measurements. Shown are ratiometric values (404/488) calculated from
the ﬂuorescent 525/30 emission of the 404 and 488 nm laser excitation normalized
to baseline. To validate sensor response, cells were exposed to 1 mM H2O2 (min 20).
Values are presented as mean7SE (n¼4, where n consists of an average of 10
distinct cells' responses), n indicates statistical signiﬁcant change compared to
control by linear regression.
P.A. Wages et al. / Redox Biology 3 (2014) 47–5552to the weight of evidence supporting the notion that Zn2þ ex-
posure impairs mitochondrial metabolic processes leading to in-
creased production of H2O2 and changes in EGSH in HAEC.
Our observation that H2O2 scavenging with either cytosolic or
mitochondrial catalase blunted Zn2þ-induced cytosolic EGSH
changes shows a H2O2-dependent effect of Zn2þ on the cytosolic
glutathione pool. It is also noteworthy that Zn2þ is a known in-
hibitor of glutathione reductase [49], an effect that could poten-
tially contribute to an accumulation of oxidized glutathione and
increase EGSH. The fact that increasing the EGSH with the gamma-
glutamyl synthetase inhibitor BSO does not result in signiﬁcant
elevations in HO-1 mRNA levels argues that the peroxide-depen-
dent effect of Zn2þ on EGSH does not carry through to the activa-
tion of signaling pathways that regulate HO-1 expression. This
interpretation is consistent with the fact that manipulation of EGSH
with BSO failed to induce signiﬁcant HO-1 expression. In this re-
gard, it is interesting that a 2 h glucose deprivation, which was
previously demonstrated to potentiate EGSH increases induced by
ozone exposure in BEAS-2B cells [29], was ineffective in promoting
HO-1 expression by itself. Thus, neither BSO pretreatment nor
glucose deprivation potentiated Zn2þ-induced HO-1 expression.
Taken together, these ﬁndings argue that Zn2þ-induced increase
in EGSH is not sufﬁcient to activate signaling leading to HO-1 ex-
pression (Fig. 8). This agrees with the previous proposed view that
a change in EGSH should not be considered as an effector but rather
A B
Fig. 6. Depletion of glutathione levels does not alter Zn2þ-induced HO-1 mRNA levels. BEAS-2B cells were incubated with 500 mM BSO for 24 h (A) or glucose deprived for
2 h (B) before exposure to the indicated Zn2þ concentrations and 1 mM PYRI for 5 min followed by 2 h in media alone. HO-1 mRNA levels were normalized to levels of GAPDH
mRNA and expressed as fold increases over basal mRNA expression in control cells. Values are presented as mean7SE (n¼3), * indicates po0.05 as determined by ANCOVA
compared to 0 mM Zn2þ exposure.
Fig. 8. H2O2 mediates Zn2þ-induced increases in cytosolic EGSH and HO-1 mRNA
expression. Zn2þ exposure induces mitochondrial H2O2 production and elevates
EGSH in both the cytosol and mitochondria. Cytosolic catalase overexpression (Cyto-
catalase) ablates H2O2 levels in the cytosol, and reduces cytosolic EGSH and HO-1
mRNA expression. Ectopic catalase expression in mitochondria (Mito-catalase)
ablates H2O2 levels in the mitochondria and cytosol as well as reduces cytosolic
EGSH and HO-1 mRNA expression. Increased EGSH does not induce HO-1 mRNA
expression as determined through BSO and glucose deprivation ([Glucose]) treat-
ments. Dashed line indicates hypothesized mechanism accounting for
H2O2-independent Zn2þ-induced HO-1 mRNA expression.
P.A. Wages et al. / Redox Biology 3 (2014) 47–55 53as an indicator of intracellular redox metabolism [50]. On the
other hand, the inability of catalase expression to ablate
Zn2þ-induced changes in EGSH completely, suggests the presence
of a H2O2-independent mechanism that may involve direct Zn2þ
reactivity with unknown protein thiol targets.
The observation that HO-1 expression was only partially ablated
by increased catalase expression in either the cytosol or mitochon-
dria implies the presence of additional signaling mechanisms leading
to Zn2þ-induced adaptive responses. It is well established that the
Keap1/Nrf2/ARE signaling pathway regulates HO-1 expression and,
therefore, it is plausible that signaling intermediates along this
pathway are involved in the response to Zn 2þ[51–53]. One possi-
bility is an effect on the nuclear transcription factor repressor Bach1,
which is targeted for degradation in response to treatment with Zn-
mesoporphyrin [54]. In this regard, the notion that the combination
of Zn2þ and PYRI used in this study might be a structural mimic of
Zn-mesoporphyrin is intriguing. However, utilizing the exposure
conditions of the present study, experiments in our laboratory
show ZnP does not affect Bach1 protein levels in HAEC (Speen,
unpublished observations). Another possibility is presented by the
presence of an active Zn2þ-binding or broadly “metal(loid)”-speciﬁc
sensor in Keap1 [22]. Preliminary studies in our laboratory using a
version of Keap1 in which the amino acids that constitute the Zn2þ
sensor have been substituted, suggest that direct Zn2þ binding of
Keap1 is in fact a contributing mechanism leading to HO-1 expres-
sion in Zn2þ-exposed BEAS-2B cells (Silbajoris, unpublished). Addi-
tional studies will be needed in order to further characterize
H2O2-independent pathways leading to adaptive gene expression in
HAEC exposed to Zn2þ .Fig. 7. Targeted catalase expression blunts Zn2þ-induced HO-1 mRNA levels in BEAS ce
catalase (B) were exposed to the indicated Zn2þ concentrations and 1 mM PYRI for 5 mi
GAPDH mRNA and expressed as fold increases over basal mRNA expression in control ce
ANCOVA compared to control.The data presented in this study demonstrate that H2O2 is a
critical mediator of the oxidative effects induced by exposure to
Zn2þ as schematized in Fig. 8, while also revealing the presence of
multiple contributing pathways leading to adaptive responses bylls. BEAS-2B cells overexpressing catalase (A) or expressing ectopic mitochondrial
n followed by 2 h in media alone. HO-1 mRNA levels were normalized to levels of
lls. Values are presented as mean7SE (n¼3), * indicates po0.05 as determined by
P.A. Wages et al. / Redox Biology 3 (2014) 47–5554HAEC. These ﬁndings are relevant to understanding the mechan-
istic basis and potential mitigation of the adverse health effects of
Zn2þ inhalation.Acknowledgments
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